Atomically thin films of III-VI post-transition metal chalcogenides (InSe and GaSe) form an interesting class of two-dimensional semiconductor that feature strong variations of their band gap as a function of the number of layers in the crystal 1-4 and, specifically for InSe, an earlier predicted crossover from a direct gap in the bulk 5,6 to a 1 arXiv:1901.06943v1 [cond-mat.mtrl-sci]
minescence (PL) spectroscopy of atomically thin films of these compounds. The latter effect is partly due to the interlayer hybridisation of S-orbitals of metal atoms and P z -orbitals of Se dominating among the states at the edge of the conduction band at the Γ-point, where electrons also have a light in-plane mass whose L-dependent values, determined from the temperature variation of Shubnikov de Haas oscillations, 3 coincide with the theoretically predicted masses. 11 Such a spectral evolution is accompanied by the theoretically predicted flattening of the top valence band dispersion, which has the potential to lead to a phase transition of p-doped GaSe monolayer films into, e.g., a ferromagnetic state, 9,10 but is more likely to localise holes, as observed by systematically high (MΩ range) resistances measured in p-doped few-layer InSe films. Moreover, for both InSe and GaSe the valence band edge in monolayer and bilayer films was predicted to shift away from the Γ-point, as recently confirmed for GaSe by angle resolved photoemission spectroscopy (ARPES) studies.
18,19
Here, we use ARPES to determine the valence band structure of monolayer and fewlayer crystals of γ-InSe. Conventional ARPES is limited to large (typically >100 µm) atomically flat samples, which for most atomically thin materials necessitates epitaxial growth on single crystal substrates. For this reason, previous ARPES experiments on monolayer metal monochalcogenides have used materials grown by molecular beam epitaxy. [18] [19] [20] [21] Most transport and optical investigations instead use mechanically exfoliated flakes which, though higher-quality, are typically only a few µm across. We have recently demonstrated that sub-micrometer spatially resolved ARPES (µARPES) enables high resolution measurements from mechanically exfoliated flakes. 22 In this way we can directly determine the valence band electronic structure in the same samples as were used for electrical and optical studies in these 2DM. Here, we combine µARPES with optical spectroscopy and ab initio calculations to directly demonstrate the crossover from direct to indirect gap and gain insight into the peculiar layer-number-dependent electronic structure of atomic films of InSe. 
Results and Discussion
Layers of InSe have a honeycomb atomic arrangement produced by four planes of atoms, SeIn-In-Se. Stacked in the most commonly observed γ-InSe polytype, Fig. 1a , few-layer-thick
InSe has a hexagonal 2D Brillouin zone, Fig. 1b . An optical microscope image of a typical
InSe crystal produced by mechanical exfoliation onto an oxidised silicon wafer is shown in Fig. 1d , where individual 1 to 7L terraces were identified by their optical contrast, confirmed by atomic force microscopy. Individual regions within the flake were identified by scanning photoemission microscopy (SPEM) 22 before performing detailed ARPES studies of each uniform few µm area. To acquire high-resolution spectra, the flakes must be transferred (see Methods) onto an atomically flat substrate, electrically grounded to dissipate the photoemis-sion current, and a clean surface recovered. 22 To meet these criteria, mechanically exfoliated InSe flakes were sandwiched between hexagonal boron nitride or graphite underneath and an encapsulating layer of graphene on top, as shown schematically in Figure 1c . This provides charge dissipation and protects the material from decomposition during air exposure and subsequent vacuum annealing necessary to clean the surface. The stack was constructed in a purified Ar environment using a remotely controlled micromanipulation system 23 that enabled us to preserve the pristine crystalline structure by avoiding the oxidation of InSe. 1 , as marked by the blue arrow. Based on the PL spectrum shown in Fig. 2b , we are, now, able to resolve A-and B-exciton lines in monolayer InSe (which was not possible in the earlier optical studies of this system 3 ) and compare those to the ARPES data in Table   1 . From the ARPES spectra we determine the energy difference between v and the upper doublets v
1,2 of v 1 and v 2 quadruplets to be 300 ± 100 meV (the uncertainty is large due to the weak photoemitted intensity for v 1 and the broad linewidth of the intense v band). This appears to be larger than the A-B exciton splitting, 120 ± 70 meV, and the estimate, 170 meV, of the earlier-developed tight-binding model (TBM). 25 Such a difference can be attributed to the hybridisation of selenium's P z orbitals with carbon, which pushes the v band upward, increasing its distance from v 1,2 bands whose P x,y orbitals are immune to the interlayer hybridisation.
For monolayer InSe the ARPES spectra reveal a band inversion around Γ, as shown in detail in Figure 3 In Figure 4 we show how the valence band spectrum changes as a function of the number of layers in a film. In the centre of the Brillouin zone, the valence band v is composed primarily of selenium P z orbitals 11 which overlap and hybridize between the consecutive layers, leading to the pronounced subband structure in the ARPES spectra (two subbands in a bilayer, three in a trilayer, and so on). Simultaneously, the VBM moves to a progressively lower binding energy and gets closer to the Γ-point. For 2L InSe there remains a measurable band inversion, with ∆k=0.1 ± 0.1 Å −1 and ∆E 2 =30 ± 20 meV. However, for L≥ 3 the band inversion is no longer measurable with ∆E L≥3 <20 meV, which is less than thermal energy at room temperature. At the same time, the band gap and, consequently, A-and B-exciton energies are smaller in thicker films, following the interlayer hybridisation of electron P z and S orbitals at the conduction c and valence v band edges. By comparison, the Γ-point edges of v 1 and v 2 bands remain almost unchanged, due to the in-plane character of selenium's P x and P y orbitals from which it is composed 11 (see Table 2 ). As a result, the thickness dependence is more pronounced for A-excitons than for B-excitons, with the difference between these two PL lines showing the same dependence on L as v − v 1 measured using ARPES, (see Table 1 ).
Related to their orbital composition, the valence band states involved in the monolayer A-and B-excitons have different symmetries. The monolayer lattice exhibits z → −z mirror 
2.4 ± 0.1 2.08 ± 0.02 2.96 ± 0.05 2.84 ± 0.05 0.3 ± 0.1 0.12 ± 0.07 2L 2.50 ± 0.05 1.63 ± 0.02 2.60 ± 0.10 1.90 ± 0.10 0.87 ± 0.05 0.71 ± 0.13 3L 2.54 ± 0.05 1.47 ± 0.02 2.60 ± 0.09 1.67 ± 0.08 1.07 ± 0.05 0.93 ± 0.12 4L 2.50 ± 0.05 1.32 ± 0.02 2.58 ± 0.11 1.62 ± 0.07 1.18 ± 0.05 0.96 ± 0.13 5L 2.52 ± 0.05 1.32 ± 0.02 2.54 ± 0. 
Conclusions
In conclusion, we used spatially resolved photoemission spectroscopy to demonstrate that InSe undergoes a crossover from being an indirect gap semiconductor in monolayer and 
Methods
Theory. We used first principles density functional theory (DFT) as implemented in the VASP code 24 to calculate the band structure of few-layer InSe. The lattice parameters were taken from experiments: 2 the in-plane lattice constant was set to 4.00 Å and the inter-layer spacing to 8.32 Å. The atomic positions in the monolayer were relaxed until forces on the atoms were below 0.005 eV/Å. The plane-wave cutoff energy was 600 eV. We sampled the Brillouin zone with a 24 × 24 × 1 grid for few-layer InSe, and with 12 × 12 × 12 for bulk. Spinorbit coupling was taken into account during the band structure calculations. We used the local density approximation for the exchange-correlation, which is known to underestimate band gaps hence we implemented a scissor correction by shifting the conduction band up by a constant amount such that the calculated gap in the bulk limit becomes 1.32 eV, the estimated bulk gap at ∼100 K based on the temperature dependence of the bulk gap in experiments.
2,29,30
Sample fabrication. induce contamination trapped between the flakes to agglomerate through the self-cleaning mechanism. 27 The exfoliations, transfers and annealing all took place within an Ar glovebox.
The thick flake analysed in Figure 2d was only partially encapsulated by graphene which is why no graphene bands are observed in the µARPES spectra.
For investigation of in-plane PL, InSe was exfoliated onto silicon oxide in an Ar glovebox.
Suitably thin flakes were selected by their optical contrast, picked up with thin hBN (<10 nm) using the PMMA dry peel transfer technique, 31 and stamped onto thick hBN (>100 nm) on silicon oxide. The sample was removed from the glovebox, out-of-plane PL checked, an additional layer of thick (>100 nm) hBN transferred on top of the encapsulated InSe, and then coated with 3 nm AuPd + 5 nm amorphous carbon for added protection. In an FEI Helios focused ion beam (FIB) dualbeam scanning electron microscope, a thick platinum (∼1 µm) layer was deposited on the 2D stack to act as an etch mask while a lamella was cut.
FIB milling was used to remove a cross-section, cutting around a lamella through the stack using a 30 kV Ga + beam, current 7 nA to dig trenches, then current 1 nA to thin the lamella.
A micromanipulator was used to extract the lamella, rotate it by 90
• , and position it on an OMICRON transmission electron microscopy (TEM) grid. After milling, the damaged edges of the 2D stack were removed by FIB polishing using decreasing acceleration voltages (5 kV, 47 pA and 2 kV, 24 pA). The final thickness of the specimen was ∼1 µm.
µARPES. Spectra were acquired at the Spectromicroscopy beamline of the Elettra light source. 32 A Schwarzchild mirror focused 27 eV linearly polarized radiation to a submicrometer diameter spot, striking the sample at an angle of incidence of 45
• . Photoemitted electrons were collected by a hemispherical analyser with 2D detector which can be rotated relative to the sample normal, aligned with the sample at its eucentric position, with energy and momentum resolution of ∼50 meV and ∼0.03 Å −1 . Samples were annealed at up to 650 K for > 2 hours in ultrahigh vacuum before analysis. Liquid nitrogen cooling during measurement gave a nominal sample temperature of 100 K. The kinetic energy of photoemitted electrons at the chemical potential, E F , was determined locally on the samples by fitting a
Fermi function to the drop in intensity of the graphene bands at E F . The crystallographic orientation of the flakes was determined by acquiring three-dimensional energy-momentum maps, I E, k , of the upper valence bands around Γ and identifying the high-symmetry directions. Energy-momentum slices through the Brillouin zone in high-symmetry directions were acquired by interpolation from a series of closely-spaced detector slices along the relevant directions. The energy of the upper valence band for the 1L data, as shown in Figure   3 , was determined by fitting a Lorentzian function to energy distribution curves, I(E), at each (k x , k y ) value.
Photoluminescence spectroscopy. Monolayer PL was recorded under 3.8 eV illumination at room temperature in a Horiba LabRAM HR Evolution system with beam spot size of ∼2 µm, laser power of 1.2 mW, and grating of 600 grooves per millimetre. For other thicknesses, an excitation energy of 2.33 eV was used. The polarization dependence in Figure 5 was recorded at 4 K under 2.4 eV and 0.4 mW unpolarised excitation with a linearly polarized detection.
Each point is the result of integration of the PL signal between 1.23 eV and 1.49 eV for the given polarization angle.
